Objective: We hypothesized that type 1 diabetes (T1D) is accompanied by changes in gene expression in peripheral blood mononuclear cells due to dysregulation of adaptive and innate immunity, counterregulatory responses to immune dysregulation, insulin deficiency, and hyperglycemia.
T YPE 1 DIABETES (T1D) results from autoimmune destruction of insulin-producing pancreatic ␤-cells in the Islets of Langerhans (1) . This process presumably begins with activation of cellular immunity against self-antigens on ␤-cells, which likely requires genetic susceptibility combined with environmental insults such as a viral infection. Inflammation then occurs, with invasion of islets by immune effector cells and elaboration of cytokines (2) (3) (4) . Cytokines such as IL-1␤ (the product of the IL1B gene) recruit additional inflammatory cells to the islets and have direct cytotoxic effects on ␤-cells (5) . Both inflammation and autoimmune recognition are probably required for efficient destruction of ␤-cells (6, 7) . Diabetes becomes clinically apparent when approximately 90% of ␤-cell mass has been lost (8) .
Developing disease-modifying treatments for T1D requires identification of suitable drug targets and markers of therapeutic efficacy. This requires knowledge of changes in gene expression both in pancreatic ␤-cells and in immune effector cells. It is difficult to obtain pancreas samples from humans with new-onset T1D because the death rate with proper management is extremely low [ϳ0.1% in our institution (9) ]. However, islet-infiltrating immune effectors are presumably in equilibrium with circulating pools and may be sampled in peripheral blood mononuclear cells (PBMCs) (10, 11) . Moreover, metabolic derangements associated with diabetes potentially affect all cells in the body, and the resulting changes in gene expression may be sampled in PBMCs. Therefore, we used microarray techniques to identify changes in gene expression in PBMCs from children with new-onset T1D. We observed the time course of resolution of such changes with insulin treatment and determined which of these changes were also found in children with poorly controlled type 2 diabetes (T2D), which is not predominantly an autoimmune disease. These studies identified changes in gene expression in PBMCs that distinguish T1D and T2D as well as changes that are common to both forms of diabetes. certain whether they had T1D or T2D. All patients were initially hospitalized for medical management, diabetes teaching, and insulin initiation. Initial samples were obtained after diabetic ketoacidosis (if present) had resolved, within 5 d (but usually within 2-3 d) of diagnosis.
Processing of blood samples
Blood was collected in EDTA tubes. PBMCs were isolated using Ficoll gradients within 4 h of each blood draw; if not processed immediately, cells were lysed in RLT buffer containing ␤-mercaptoethanol (QIAGEN, Valencia, CA) and stored at Ϫ80 C. Total RNA was extracted using RNeasy minikits per the manufacturer's protocol (QIAGEN). RNA integrity was assessed using an Agilent 2100 bioanalyzer (Agilent, Palo Alto, CA).
Autoantibody testing
Serum samples (stored at Ϫ80 C) were tested for antibodies to insulin, protein tyrosine phosphatase receptor type N [insulinoma-associated antigen (IA-2)], and glutamic acid decarboxylase (GAD65) using ELISA kits from Kronus Inc. (Boise, ID) at ARUP (Salt Lake City, UT) or in the laboratory of Philip Raskin at University of Texas Southwestern Medical Center.
Flow cytometry
PBMCs from each sample were analyzed by flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA) using antibodies against CD3, CD14, CD19, and CD16 (Becton Dickinson, Franklin Lakes, NJ) in one well to differentiate between B cells, T cells, monocytes, and natural killer cells. Anti-CD3, -CD14, -CD8, and -CD4 antibodies differentiated between cytotoxic and helper T cells and monocytes. Antilineage fluorescein isothiocyanate cocktail, and anti-CD123, HLA DR, and CD11c antibodies differentiated among various types of dendritic cells, whereas anti-CD27, -CD138, -CD20, and -CD19 antibodies distinguished naïve, memory B cells, and plasma cell precursors. Experiments were analyzed after gating live cells according to forward side scatter/side light scatter. A minimum of 100,000 cells was used for each staining condition, and 5,000 -50,000 events were recorded for analysis.
Microarray assays
From 2-5 g of total RNA, double-stranded cDNA containing the T7-dT(24) promoter sequence was generated using GeneChip one-cycle cDNA synthesis kits (Invitrogen, Santa Clara, CA). This was used as a template for in vitro transcription with biotin labels using GeneChip IVT labeling kits (Affymetrix, Santa Clara, CA). Biotinylated cRNA was purified using sample cleanup modules (Affymetrix) and hybridized to human U133A and U133B GeneChips (Affymetrix). Arrays were scanned using a laser confocal scanner (Agilent). Artifacts were masked, and samples with excessive background noise or poor cRNA quality based on internal control genes (actin, or glyceraldehyde-3-phosphate dehydrogenase) were excluded from analysis.
RT-PCR
Two micrograms of cRNA samples were converted to cDNA using TaqMan reverse transcription reagents and a 2720 thermocycler (Applied Biosystems, Foster City, CA). Quantitative real-time PCR was performed in duplicate using 50 ng of cDNA and already-developed TaqMan gene expression assays (Applied Biosystems) on the ABI Prism 7900HT sequence detection system. Data were analyzed (SDS2.3) using the relative comparative cycle threshold method (C T ) with hypoxanthine ribosyl transferase as the endogenous control. Delta C T values were compared with the negative log of normalized microarray expression data.
Statistical analysis
For each Affymetrix U133A or U133B Gene Chip, raw intensity data were normalized to the mean intensity of all measurements on that chip and scaled to a target intensity value of 500 in GeneChip Operating System version 1.0. With use of Genespring software, version 7.3.1, the value for each gene in each patient sample array was divided by the median of that gene's measurement from the cohort of healthy volunteers. A filter was applied based on Affymetrix flag calls: probe sets were selected if present in at least 50% of samples in any group. Class comparisons expressed as Benjamini-Hochberg false discovery rates (14, 15) were performed using parametric tests (ANOVA) after log transformation.
Results

Study population
We obtained blood samples from 24 healthy volunteers, 43 newly diagnosed T1D patients, and 12 newly diagnosed T2D patients (Table 1 ). We collected samples 1 and 4 months after diagnosis from the last 20 of the T1D patients. For each time point, one sample did not pass quality control and was dropped from the analysis. Patients with T2D were distinguished from T1D on the basis of age, body habitus, presence (11 of 12 patients) of acanthosis nigricans, family history of T2D (11 of 12 patients), and absence of autoantibodies to insulin, IA-2, and GAD65. We allowed low titers of insulin antibodies in T2D patients (Յ4 U/ml), which have been previously reported (16 -18) . All but two of the T1D patients with positive antiinsulin antibodies were also positive for at least one additional autoantibody. One teenager with putative T1D was excluded from the study because he was negative for all three antibodies. One putative T2D patient was excluded when she was found to be positive for IA-2 and GAD.
Flow cytometric results
We found no statistically significant differences between healthy controls and subjects with newly diagnosed T1D in the absolute number of CD14ϩ monocytes, CD123ϩ and CD11cϩ dendritic cells, basophils, T cells of CD4ϩ/3ϩ, CD8ϩ/3ϩ, or CD8ϩ/3Ϫ phenotypes, CD20ϩ/27Ϫ naïve B cells, or CD19ϩ/14Ϫ B cells. Plasma cell precursors (CD19ϩ/ 20Ϫ) were increased (P ϭ 0.02) in new-onset T1D patients but not T2D patients; however, this was not statistically significant after correcting for multiple comparisons. One month after T1D diagnosis, the absolute number of plasma cells was not statistically different from that of healthy controls. 
Microarray results
Of the 44,760 probe sets on the Affymetrix microarrays, 21,514 had flag calls of present. At a false discovery rate (FDR) of 0.05 (corresponding to an uncorrected P value of 0.00072 in this data set), 312 probe sets representing 282 unique genes differed in expression between new-onset T1D patients and healthy controls (supplemental table, published as supplemental data on The Endocrine Society's Journals Online Web site at http://jcem.endojournals.org). An FDR of 0.01 yielded 51 probe sets representing 49 unique genes, and 23 probe sets (22 genes) differed at the stringent Bonferronicorrected P value of 0.05 (Fig. 1) . The most overexpressed genes in T1D patients were IL1B, early growth response genes (EGR)-2 and EGR3, prostaglandin-endoperoxide synthase 2 [PTGS2; cyclooxygenase-2], chemokine (C-C motif) receptor 1 (CCR1), and the FOSB oncogene; their expression was increased 2-to 9-fold over healthy controls. The most significantly underexpressed genes (1.5-to 3-fold) included RAB12 (a member of the RAS oncogene family), splicing factor, arginine/serine-rich 15, N-glycanase, and solute carrier 25A29.
To confirm these results using a different statistical approach, we compared the initial 23 newly diagnosed T1D patients to the healthy controls, identifying the probe sets that differed between these groups at an FDR of 0.05 using nonparametric Mann-Whitney tests. Confining the analysis to these probe sets, we then compared samples from the 20 subsequent T1D patients to the same group of healthy volunteers using an FDR of 0.05. This statistical comparison generated a list of 130 unique genes, which included 39 of 49 of the differentially expressed genes with an FDR of 0.01 from the first analysis and 18 of 22 of the genes that differed at a Bonferroni-corrected P value of 0.05 (not shown).
We compared the expression of the most differentially expressed genes at baseline to 1 and 4 months after diagnosis. Even with improvement in overall glycemic control (average initial HbA1c level of 11.8 Ϯ 2.0% decreased to 7.1 Ϯ 1.3% by 4 months), EGR2 remained overexpressed in patients (P ϭ 0.0006 vs. healthy controls) at 4 months after diagnosis, whereas EGR3, IL1B, CCR1, and FOSB decreased toward healthy control levels (Fig. 2) . RAB12, splicing factor, arginine/serine-rich 15, NGLY1, and solute carrier 25A29 remained underexpressed throughout the study period.
Eighteen of the 22 most highly differentially expressed genes in newly diagnosed T1D were similarly regulated in T2D (Fig. 1) .
Genes specifically expressed in plasma cells (such as Ig genes) were generally more highly expressed in T1D patients than controls or T2D patients; of 76 genes associated with plasma cells ( 
RT-PCR
To confirm selected microarray results using an independent technique, normalized microarray values were compared with delta C T values for the same genes obtained from RT-PCR experiments. Spearman r values ranged from 0.62 to 0.94 for six genes (Fig. 3) with P values ranging from 0.0031 to less than 0.0001.
Pathway analysis
To identify functional relationships between differentially expressed genes, we used a predefined knowledge base containing more than 10,000 curated human genes (19) (Ingenuity Systems, Redwood City, CA). Of the 21,514 defined as present on the arrays, 5897 genes had entries within the knowledge base. When an FDR of 0.05 was used as a threshold criterion (282 genes differentially expressed between new T1D patients and healthy controls), 11 partially overlapping subnetworks were enriched for these genes. The top-scoring subnetwork included 35 genes meeting the threshold criterion with a probability of 10 Ϫ61 (Fisher's exact test) that the interrelationships between these genes occurred by chance. This network was extended by merging all overlapping networks. Genes within these networks that did not meet the threshold FDR of 0.05 were retained if they were differentially expressed with an uncorrected P value of 0.05. The resulting network of 103 genes had a probability score of 10 Ϫ93 and preferentially included the most differentially expressed genes: 81 of 282 genes in the input data set that differed at an FDR of 0.05 were included in this network vs. 11 of 22 genes that differed at a Bonferroni-corrected P value of 0.05 (P ϭ 0.033 by Fisher's exact test). There were 222 connections (i.e. known relationships) between genes in this network (Fig. 4) .
To identify groups of differentially expressed network genes unique to T1D, we compared levels of expression in T1D with those in T2D, identifying 47 of 103 genes that differed between T1D and T2D at an FDR of 0.05. These genes tended not to be distributed randomly within the network, as illustrated by considering the two most highly connected genes in the network, IL1B and MYC (36 connections each). IL1B is similarly overexpressed in T1D and T2D patients. In contrast, MYC is overexpressed only in T1D patients; thus, it differs significantly in expression between T1D and T2D patients. When the 10 genes that are connected in the network to both IL1B and MYC were excluded, 16 of 26 genes connected to MYC, but only nine of 26 genes connected to IL1B, differed in expression between T1D and T2D (P ϭ 0.05, Fisher's exact test).
The cellular functions most strongly associated with this network (Table 2 ) include cell death (51 genes, P Ͻ 5 ϫ 10 Ϫ18 ) and cell proliferation (50 genes, P Ͻ 10 Ϫ13 ). Excluding genes connected to both IL1B and MYC, genes connected to IL1B were more likely to have functions associated with proliferation (19 of 26) than genes connected to MYC (seven of 26, P ϭ 0.002, Fisher's exact test) whereas genes associated with apoptosis were equally likely to be connected to IL1B or MYC (14 of 26 vs. 12 of 26, respectively).
Discussion
With more than 40,000 probe sets, whole-genome microarray studies are susceptible to type I errors because they simultaneously test multiple hypotheses. The most frequently used method of controlling the type I error rate and maintaining adequate power (controlling the type II error rate) is the FDR (14, 15) , the expected proportion of truly null hypotheses among all the rejected null hypotheses. In some studies, this is balanced by concurrent consideration of falsenegative rates (20) .
A powerful alternative strategy consists of testing for differences in expression of predefined clusters or networks of genes rather than individual genes, thus reducing the number of tested hypotheses. We used such an approach to delineate similarities and differences in gene expression between T1D and T2D patients. Most (51 of 81) of the differentially expressed genes in the network have no prior reported associations with diabetes, diabetes complications, or hyperglycemia.
Our data suggest that T1D and T2D have some pathogenic mechanisms in common (probably due to hyperglycemia and exemplified by overexpression of IL1B, as previously proposed) (2) despite their distinct underlying etiologies (evidenced by overexpression of MYC only in T1D patients).
Gene expression changes common to T1D and T2D
IL-1␤ has previously been implicated in the pathogenesis of diabetes (21) . Patients with diabetes are hyperglycemic at diagnosis; IL-1␤ is induced in monocytes in vitro by high glucose levels (22) . Incubation of human or animal islets or insulinoma cell lines with IL-1␤ (along with TNF␣ and/or interferon-␥ in many experiments) inhibits insulin secretion and leads to apoptosis of ␤-cells (23) . Of genes connected to IL1B in the network, the most evidence for dysregulation in diabetes exists for PTGS2 (cyclooxygenase-2), which is increased in mononuclear cells from established diabetic patients (22, 24) and is also up-regulated in vitro by high glucose concentrations (22) .
It is instructive to compare diabetes with a disease in which IL-1␤ is known to play a pathogenic role, juvenile idiopathic arthritis of systemic onset (SOJIA). There is a median 1.7-fold increase in IL1B expression in SOJIA PBMCs vs. healthy controls (25) , compared with a greater than 3-fold median increase in newly diagnosed T1D patients. Of the top 10 mostly highly overexpressed genes in T1D patients, five, IL1B, EGR3, PTGS2, CCR1 and CXCL1, are also overex- It has been suggested that T1D and T2D share a final common pathway for ␤-cell dysfunction: hyperglycemia in pancreatic islets up-regulates IL1B, leading to ␤-cell dysfunction and further hyperglycemia (2, 28) . However, hyperglycemia has not been consistently documented to affect IL-1␤ secretion by ␤-cells (29) . Data from this study and others (30, 31) suggest that this conundrum may be resolved by postulating that hyperglycemia-induced ␤-cell dysfunction is mediated in part by immune effectors such as macrophages: ␤-cell dysfunction leads to hyperglycemia, increasing inflammation (including secretion of IL-1␤ and prostaglandins by immune effector cells), thus exacerbating ␤-cell dysfunction, and causing more hyperglycemia
The mechanisms by which hyperglycemia increases IL1B expression in PBMCs remain to be determined. Perhaps protein glycation resulting from chronic hyperglycemia increases IL-1␤ levels. Advanced glycation end products interact with the receptor for advanced glycation end products and trigger release of IL-1␤ from monocytes in some (31) but not all studies (32) . The involvement of relatively long-lived advanced glycation end products could explain why many of the changes in the present study persisted for several months after insulin treatment was initiated despite improvement in glycemic control.
Changes in gene expression specific for T1D
Although dysregulation of MYC has not been previously reported in human diabetes, it is overexpressed in peripheral leukocytes of diabetes-prone nonobese diabetic mice, relative to control C57BL6 mice, before development of diabetes (33) . Transgenic mice in which MYC is overexpressed in pancreatic ␤-cells develop neonatal diabetes with increased islet hyperplasia accompanied by a marked increase in apoptosis and decreased insulin gene expression (34) . The present results extend these findings by demonstrating increased expression of MYC in peripheral leukocytes at diagnosis of T1D and associated dysregulation of many genes implicated in apoptosis. Some of these changes are not seen in T2D patients with similar levels of hyperglycemia but persist for at least 4 months after T1D diagnosis. Therefore, changes in expression of MYC and associated genes are not a simple response to hyperglycemia. Whether the changes affect quantity or functioning of immune effectors, or reflect correspondingly dysregulated gene expression within pancreatic ␤-cells cannot yet be determined.
Study limitations
The present study design has inherent limitations. First, we sampled PBMCs rather than pancreatic islets. Although islet-infiltrating immune cells are presumably in equilibrium with circulating pools (10, 11) , they are diluted in the circulation. Similarly, changes in gene expression that are confined to a particular cell type may be difficult to detect in unfractionated PBMCs (35) . Nevertheless, PBMCs reflect generalized abnormalities in immune regulation as well as systemic effects of the metabolic derangements of untreated diabetes. We hypothesize that many of the observed changes are directly or indirectly the consequence of chronic hyperglycemia. Whereas many such changes may be accompanied by parallel changes in pancreatic ␤-cells, it will be difficult to definitively answer this question due to the inaccessibility of the pancreas in newly diagnosed T1D patients.
Second, the Ingenuity knowledge base, although extensive, is incomplete with regard to interrelationships between genes (i.e. the analysis is subject to literature biases), and conversely, many of those relationships are of uncertain functional significance or may be irrelevant in PBMCs.
Third, we studied patients with new-onset diabetes. Key events may have run their course by the time hyperglycemia supervenes. We found no evidence of interferon-␥ or TNF-␣ overexpression in PBMCs from newly diagnosed T1D patients, yet many studies implicate both of these cytokines in diabetes pathogenesis. Perhaps they are involved in human T1D earlier in the course of the disease, but differences between animal models of T1D and humans might also account for this discrepancy.
Therapeutic implications
Although abnormalities in PBMCs in new-onset T1D patients become less prominent over the first few months of insulin therapy, further damage to ␤-cells is occurring during this time. Many of the observed changes in gene expression resolve with insulin therapy, which provides another rationale for the beneficial effects of aggressive glycemic control early in the disease (36) . Our results suggest several promising therapeutic targets. Elevated expression of PTGS2 (and, presumably, high prostaglandin levels) could be treated with nonsteroidal antiinflammatory agents; sodium salicylate was first suggested as a treatment for diabetes in the 19th century (37) . The elevation in IL1B expression could be treated with anakinra (IL-1 receptor antagonist protein), which has proven highly effective in SOJIA (25) and familial autoinflammatory diseases (38) . Moreover, a 13-wk course of anakinra has recently been reported to improve glycemic control in T2D patients (39) . Given that T1D and T2D have very similar dysregulation of IL1B in our data set, it is likely that anakinra will be efficacious, at least over the short term, in improving glycemic control in T1D patients. Blockers of chemokine receptors including CCR1 have reached phase 2 clinical trials as antiinflammatory agents (40) . In addition to providing rationales for therapeutic interventions, abnormalities detected in the present study might ultimately provide useful biomarkers for the efficacy of disease-modifying interventions.
